Initial evidence for an influence of plant genotype on rhizobiome composition was that similar rhizobiomes assembled in association with arabidopsis (Arabidopsis thaliana) and barley (Hordeum vulgare) grown in the same experimental conditions, although they displayed different relative abundances and some specific taxonomic groups [5] . A correlation between phylogenetic host distance and rhizobiome clustering was described for Poaceae species [6] , distant relatives of arabidopsis [7] , rice varieties [3] , and maize lines (Zea mays) [6] , but not for closely related arabidopsis species and ecotypes [7] . Distinct rhizobiomes were also described for domesticated plants, such as barley, maize, agave (Agave sp.), beet (Beta vulgaris), and lettuce (Lactuca sp.), compared with their respective wild relatives [5, [8] [9] [10] [11] . Interestingly, not all plants have a rhizobiome distinct from bulk soil: some species, such as maize and lotus (Lotus japonicus) [12] [13] [14] [15] , have assembled a distinct rhizobiome, whereas other species, such as arabidopsis and rice, assembled a rhizobiome similar to bulk soil [3, 5, 7] . The former species display a strong, and the latter a weak rhizosphere effect ( Figure 1, Key Figure) . The cause of Trends Recent advances in sequencing technology have been enabling highthroughput characterization of highly complex plant-associated microbial communities, which are relevant for plant health.
Metagenomic approaches have been identifying the metabolic potential of microbes, and are starting to reveal functional groups of microbes, reducing the overall complexity of rhizobiomes.
Metabolomic studies are uncovering differential root exudation in various environments and plant developmental stages, as well as consumption of specific exometabolites by microbes.
Genome-wide association studies and other comparative genomic approaches have been revealing a link between plant genetic factors, exudation profiles, and microbiome compositions.
Molecular studies have been characterizing plant transport proteins necessary for interactions with specific microbes, although the transport of most nutrients and signaling molecules remains unexplored.
Root Physiological Features Shape Rhizobiomes and Exudation
Rhizobiomes are influenced by their spatial orientation towards roots in two ways. First, the radial proximity of microbial communities to roots defines community complexity and composition, as described in recent publications [ 5 8 [3, 19, 22] , and as outlined by the two-step model of Glossary Antiporter: a transporter utilizing a proton gradient to shuttle protons and substrates in opposite directions across a membrane. Apoplasm: intercellular space between plasma membranes of plant tissue. Border cells: root cap cells released into the rhizosphere with a distinct transcriptome, releasing mucilage, distinct proteins, and extracellular DNA. Casparian strip: suberin-based connection between endodermal root cells, blocking the passive apoplasmic flow of liquids and compounds. Endophyte: microbe living within plant tissue in the endosphere. Endosphere: all endophytes of a plant. Relevant to this review are microbes living in root tissues. Epiphyte: microbe living on plant tissue. Exometabolites: compounds released by roots or microbes into the rhizosphere, often acting either as nutrients or signaling molecules. Isolate: a microbial strain isolated from a natural environment, such as the rhizosphere, to be used in a laboratory setting. Mucilage: matrix of high-molecularweight compounds released by border cells and root tip. Phytoremediation: accumulation of heavy metals or organic pollutants of contaminated soils in plant tissue, with the aim to clean soils. Rhizobiome: the rhizosphere microbiome, comprising microbes associated with plant roots. Rhizoplane: root surface including tightly adhered microbes. Rhizosphere: 1-3-mm zone around root shaped by roots, and exudates. Rhizosphere effect: plants with a strong rhizosphere effect have a rhizosphere microbiome distinct from bulk soil. Developmental stage and the type of plant species both influence the strength of the rhizosphere effect. Symporter: a transporter utilizing a proton gradient to shuttle protons and substrates in the same direction across a membrane. Uniporter: a transporter binding one substrate molecule at a time, facilitating diffusion across a membrane. [114, 115] and higher heavy metal uptake [116] . Consequently, efforts have aimed at increasing the phytoremediation potential of heavy metal accumulators by combining them with specific microbial communities. However, due to limited understanding of the plant-microbe-environment interplay, these endeavors have had limited success so far [ 5 5 1 _ T D $ D I F F ] [111, 112] . Below, we discuss both, the response of plants and microbes to contaminated soils.
_ T D $ D I F F ]
Plants display distinct responses to contaminated soils: legumes exhibited a systemic response, [ 5 5 2 _ T D $ D I F F ] whereas grasses exhibited a more local response [117] . Various wheat cultivars displayed varying degrees of heavy metal tolerance, which were [ 5 5 3 _ T D $ D I F F ] associated not only with distinct rhizobiomes [118] , but also with the ability to exude organic acids microbial root colonization mentioned above [2] . Second, the lateral position of microbes along a root shapes the community, as exemplified by early studies [ 5 8 6 _ T D $ D I F F ] [23, 24] . Importantly, recent microbiome studies take into consideration the former, but not the latter aspect. In this section, we discuss specific microbial associations with various root regions, and the role of spatially distinct root exudation.
Root tips are the first tissues that make contact with bulk soil: root tips are associated with the highest numbers of active bacteria compared with other root tissues, and likely select microbes in an active manner [26] . Similarly, lateral roots are associated with distinct microbial communities, differing between tips and bases, as well as between different types of lateral root [14] .
One trait influencing the differential microbial colonization of root tissues could be the differential exudation profiles of the distinct root parts. This is illustrated in the following example. Cluster if the metabolite has only a nutrient or signaling function, the role is specified in brackets). Some microbial epiphytes can migrate from the rhizosphere into the rhizoplane and into the root, where they become endophytes. Plant-microbe and microbe-microbe exometabolite interactions are displayed with numbers: (1) substrate competition between microbes, or between microbes and roots; (2) [30, 31] ; and (iii) root nutrient uptake, which is sometimes coupled with proton transport, can also exhibit spatial patterns (Table 1) . Overall, spatially defined metabolite exudation by distinct root parts is likely an important factor in structuring the rhizobiome. Future studies should aim at characterizing spatially distinct rhizobiomes and their functional traits, and at investigating spatially distinct root exudation. It is tempting to speculate that the specialized metabolism of the border cells results in a distinct exudation profile of not only proteins and mucilage, but also lowmolecular-weight compounds that could serve as microbial nutrients or as signaling compounds. Further research should focus on the genetic and physiological differences between border cells and border-like cells, as well as on the transport proteins involved in exudation of low-molecular-weight compounds, DNA, and proteins.
Root Border Cells and Mucilage Shape Plant-Microbe Interactions

How Microbial Communities Interact, and the Influence of Plant Exudates
Plant-microbe interactions are not only defined by plant root morphology and plant-derived exudates, but also by microbe-microbe interactions ( Figure 1 ). Thus, we focus further here on CAT Gamma-aminobutyric acid, bidirectional? Vacuolar
Organic acids (succinic, malic, tartaric, lactic, formic, butyric, acetic, propionic, gluconic, oxalic, citric, pyruvic, formic, malonic, a-ketoglutaric, fumaric, trans-aconitic, aspartic, benzoic, glyceric acid) Export ALMT Malate, some aluminium, pathogen activated, PM microbial communities. Specifically, we discuss: (i) how plant exudates influence microbial diversity; (ii) how plant-responsive microbes are identified; (iii) how microbes interact and (iv) how mycorrhizal fungi influence root-bacteria interactions.
The rhizosphere serves as carbon-rich niche for the establishment of microbial communities, in contrast to bulk soil, which is rapidly depleted in carbon and other nutrients by heterotrophic microbes. Given that the ability of microbes to metabolize plant-derived exometabolites might determine their success in the microbial community, several studies have investigated whether the diversity of plant exudates correlates with microbial diversity. Some studies found higher plant diversity was associated with higher microbial diversity The large diversity of microbial communities is a current challenge for plant-microbe research, because it is impractical to study questions such as how members of a community interact, and what specific traits a microbial community has. Therefore, many studies currently aim at identifying the subset of microbes responsive to plants. Strikingly, only 7% of bulk soil microbes increased in abundance in the rhizosphere compared with bulk soil [31, 121, 122] . Signaling molecules leading to the assembly of rhizobiomes are largely uncharacterized, but one example illustrates a symbiotic interaction with a beneficial microbe (see Figure 2C in the main text): pathogen-infected or elicitor-treated arabidopsis plants increased ALMT1 expression and malic acid exudation (see Table 1 in the main text), which lead to specific attraction and root colonization of the biocontrol agent Bacillus subtilis, [99, 127] . Compound exchange between plants and rhizobiomes, remains uncharacterized, and we propose plant transporters that could be involved in the process (see Table 1 
Characterized and Putative Plant Transporters for Exudation
Plant-derived exometabolites need to cross at least one membrane to transit from the cytoplasm of root cells into the rhizosphere. There is considerable discussion as to what degree plants are able to regulate this transport. In general, different modes of transport could be envisioned. First, small, hydrophilic compounds could diffuse from the root into the rhizosphere, driven by the large concentration gradient Table 1 . Since only a few transporters involved in exudation have been characterized, we suggest additional families that might be involved in the process. To complete the picture of metabolite exchange between roots and soil, Table 1 additionally contains a few important plasma membrane-localized metabolite uptake systems. Below, we discuss the evidence for transport processes involved in the import and exudation of compounds detected in root exudates, such as sugars, organic acids, and secondary metabolites.
Sugars
Sugars constitute a significant fraction of exudates, and are a main carbon source for microbes [ 6 3 7 _ T D $ D I F F ] [14, 42] . Interestingly, many more sugar uptake than release systems have been described. Sugar Transport Proteins (STPs) utilize high extracellular proton levels to import sugars, and mutation of STPs leads to higher external sugar levels Figure 2 ). Activity of members of both families is often modulated by metal ions (Box 1) and microbes (Box 2). Uncharacterized ALMT and MATE family members are primary candidates for exporters of other organic acids due to their similarity to already-characterized members, their plasma membrane localization, and their function as proton antiporters.
Nucleotides and Peptides
Nucleotides are imported by secondary active transporters, but their exudation remains elusive (Table 1 transporters were proposed to mediate cellular export [97, 98] . Peptide uptake is transporter mediated in heterologous systems, and a role of ABC transporters in peptide exudation has been suggested (Table 1) (Table 1 ), but the mode of lipid exudation into the rhizosphere has yet to be discovered. A role in lipid exudation could be envisioned for root-expressed ABCG members (Table 1 [ , illustrating PDR9 involvement in response to various abiotic stresses. These studies illustrate the potential for the discovery of novel transporter functions in the ABC family, an excellent target for future studies investigating root exudation. In addition, MATE proteins transport secondary metabolites into the vacuole, and plasma membrane-localized members could also be involved in secondary metabolite exudation.
In summary, more transport proteins involved in metabolite import into roots than in export from roots have been reported so far (Table 1 ). The characterization of additional transport families involved in exudation will enable the generation of mutant lines that are devoid of the exudation of specific metabolites. Such lines could be used to investigate the correlation of exudation profiles and microbial communities.
How Do Rhizobiomes Assemble?
Plant-derived transporters and exometabolites are intrinsic to plant-mycorrhizal and Àrhizobial symbioses (Box 2). We speculate that, although there is paucity of evidence, plants analogously select for a beneficial rhizobiome. Given that plants evolved in the presence of microbes, a subset of which benefits plant growth, we hypothesize that, over millennia, plant exudation via active transport processes evolved with the substrate specificity of plant-associated bacteria. In Box 2, we discuss exudates and other steps involved in root microbiome assembly, analogously to the establishment of plant-mycorrhizal and Àrhizobial symbioses. However, intense future research is needed to reveal the precise mechanisms governing plant microbiome assembly, and the possible beneficial functions of the microbial community.
The major mechanisms by which plants are thought to modulate microbial interactions currently include: (i) modulation of their exudate profiles (alteration of biosynthesis and/or transport of microbial substrates and signaling molecules); (ii) root morphology (number and length of roots, and root surface); and (iii) regulation of immune system activities (tolerance or avoidance). In turn, mechanisms for successful rhizosphere colonization by soil microbes require that they: (i) are metabolically active (catabolism of exudates); (ii) sense the plant (receptors for exudates); (iii) move towards the root (chemotaxis and [ 6 5 6 _ T D $ D I F F ] mobility) and (iv) successfully compete with other microbes for root niches (physical colonization, substrate competition, and defense against toxins). In addition, for successful colonization of the rhizoplane or root tissue, microbes must be able to (v) attach to the surface (cell wall sensing or biofilm formation) or (vi) enter root tissue (evasion and/or manipulation of immune system).
Despite apparent parallels between plant microbiomes and the aforementioned symbioses, plant microbiomes have some specific characteristics. First, microbiomes are detected in all environmental conditions, whereas mycorrhizal and rhizobial symbioses are induced in specific circumstances. Second, microbiomes occur on various tissues, whereas rhizobia and mycorrhiza interface with roots only. Third, microbiomes comprise many members, whereas the aforementioned symbioses persist between two predominant partners. Fourth, although most members of the microbiome originate from the environment 
Concluding Remarks and Future Directions
Rhizobiome assembly and the involvement of the plant in this process are currently enigmatic. Here, we have discussed multiple factors shaping the rhizobiome, including host genotype and development, root morphology, border cells and mucilage, and root exudates. Root exudation is a dynamic process, likely dependent on a plethora or transporters that are mostly uncharacterized. Spatially defined exudation likely results in distinct microbial communities that are observed to be associated with specific root parts. The success of microbial colonization of the rhizosphere depends on several aspects, such as chemotaxis, substrate specificity, competitiveness, and cooperativeness. [14, 16, 72, 88] , an environment distant from the more natural settings of plant microbiome studies. Furthermore, novel technologies enabling high-throughput screening of putative transporters against possible substrates are needed to reveal the impact of the respective substrates on the rhizobiome and, in turn, on plant health. An increased understanding of root morphology, exudation, and involved transporters will likely enable the engineering or breeding of plants with altered abilities to interact with specific beneficial microbes or pathogens. This needs to be complemented with an improved understanding of the substrate preferences of plant-associated microbes, their interactions, and the mechanisms through which they benefit the plant. A holistic understanding of the functions of a healthy plant rhizobiome would enable the directed design of customized microbial communities. With this, specific plants in a given environment could be tailored to a specific purpose, such as phytoremediation, stress resistance, altered plant development, or increased yield[ 6 6 2 _ T D $ D I F F ] .
Outstanding Questions
Can we define standardized laboratory plant-soil-rhizobiome relationships to decipher the mechanisms of plant and microbial nutrient exchange and other beneficial activities by controlling confounding environmental variables?
How and to what degree do plants control exudation to specifically interact with microbes, shaping the rhizobiome? Special attention should be given to transporter families expressed in the root epidermis and root tip.
How can novel, high-throughput techniques be utilized to identify key nutrients and signaling molecules exchanged between plants and microbes, as well as the transport proteins involved in the process?
What are the distinct aspects of the microbial communities associated with root tips, lateral roots, mature root parts, and border cells? How are these communities influenced by exometabolites and nutrient uptake by the plant?
Are there functional classes and potentially crucial taxa common to plant rhizobiomes that can be used to design customized rhizobiomes persisting in a given environment, supporting host plant growth?
How are bacterial communities associated with mycorrhizal hyphae assembled, and how do they interact with rhizobiomes? Are microbes transferred between roots and hyphae?
How do reciprocal interactions between the rhizobiome and plant alter the trajectory of plant development, stress responses, as well as microbial community succession and activities?
How can we alter the host genotype to more efficiently select a beneficial rhizobiome that increases plant health and yield? 
